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Abstract 
The effort of this study is to develop a damage model for simulating large ductile crack extension accompanied by a flat and a 
slant surface observed in the hydrostatic full-scale tests up to rupture for API X80 line pipes with an axial through-wall notch.  A 
small and thin specimen with a shallow through-thickness notch having a large ligament (sub-sized Charpy V-notch (Sub-CVN) 
specimen subjected to 3-point bending) is used for a fundamental verification study.  The Sub-CVN specimen provided the 
similar macroscopic process as well as micro-mechanism for ductile cracking, where a flat-to-slant fracture transition 
accompanied by a transition from an equi-axed dimple mode to a shear-slip mode fracture is presented.   On the basis of the 
observed mechanism of ductile crack growth, a numerical ductile damage model for predicting the large ductile crack growth 
resistance is proposed taking into account an effect of the Lode parameter on ductile fracture into the present damage model 
proposed by authors.  The crucial consideration is that the damage parameters to be identified can be correlated to the material 
properties.  In this model, the shear-dominated stress state is assumed to advance the acceleration of damage evolution due to a 
shear localization mechanism at lower damage level even at the same stress triaxiality condition, so that the critical damage 
fraction dependent on the Lode parameter is phenomenologically employed in this model.  The modified damage model 
reproduces the same ductile crack profile together with the same micro-mechanisms for forming the chevron-shaped flat surface 
as those observed in the experiment.  The possibility to reproduce the flat-to-slant fracture transition is also demonstrated by the 
simulation. 
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1. Introduction 
In this study, on the basis of the mechanism of large ductile crack growth accompanied by the flat and the slant 
surface observed in the hydrostatic full-scale tests for the line pipe with an axial flaw (Imai et al. (2013)), a 
numerical ductile damage model for predicting the ductile crack growth resistance was proposed.  For the 
fundamental verification of the proposed models, numerical simulation and experiments were conducted for a small 
and thin specimen with a shallow through-thickness notch having a large ligament (sub-size Charpy V-notch 
specimen (Sub-CVN) subjected to 3-point bending), which can exhibit similar ductile crack growth behaviours 
observed in the pipe tests. 
2. Damage Model for Simulating Ductile Crack Growth Behavior 
2.1. Proposed damage model 
The damage model for numerically simulating a ductile crack growth resistance, that is so called R-curve 
(CTOD-R curve or J-R curve), has been proposed by Ohata et al. (2010) taking two ductile properties of steel into 
account, where the ductile crack initiation from a crack-tip with a shear-slip mode is in accordance with local strain 
criterion, and the subsequent crack growth with an equi-axed dimple mode triaxiality dependent damage criterion.  
In this damage model, the concept that the shear-slip dominated ductile cracking and the equi-axed dimple mode of 
ductile cracking could be controlled by different material properties is included.  The former material property is a 
resistance of ductile crack initiation estimated with critical local strain for ductile cracking from the surface of notch 
root obtained with notched bend specimen (for instances a normal CVN specimen), and the later is a stress 
triaxiality dependent ductility obtained with circumferentially notched round-bar specimens.   
The local strain criterion is applied only for predicting ductile crack initiation with a shear-slip mode from a 
notch-tip/crack-tip.  In the finite element simulation, an element loses stiffness when equivalent plastic strain at the 
current element attains to the critical local strain (εp
tip )cr  of a steel of interest.   
On the other hand, the triaxiality dependent damage criterion, which is applied for simulating subsequent ductile 
crack extension accompanied by equi-axed dimples, is described by the following continuous damage model 
coupled with flow stress.  The proposed yield function, that is the plastic potential, of the unit cell as a function of 
the damage variable is given as 
Φ = Σ
σ
§
©
¨
·
¹
¸
2
+ a1D
∗ exp a2
Σm
σ
§
©
¨
·
¹
¸−1= 0   (1) 
where Σ  and Σm  are macroscopic equivalent stress and hydrostatic stress of the unit cell, respectively, and σ  is 
flow stress of a matrix material.  This yield function is a modified function of the original Gurson model (Gurson. 
(1977)) so that the relation between the critical strain for damage acceleration and the stress triaxiality can be in 
accordance with an exponential function (see Equation (3)).  The parameter D∗  in Eq. (1), which is defined in Eq. 
(2), has been introduced as an effective damage parameter to take into account the acceleration of damage evolution 
through the parameter K (Tvergaard and Needleman (1984)).  The D*  can describe accelerated damage evolution 
due to interaction of micro-voids followed by shear-band formation after reaching a critical damage fraction Dc. 
D* = D
Dc + K (D − Dc )
   
for   D ≤ Dc
for   D > Dc
­
®
°
°¯
   (2) 
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Namely, a ductile crack continuously and automatically extends when the effective damage parameter D*  
accumulated ahead of the current crack-tip reaches a critical value Dcr  (=1/a1).  According to the proposed yield 
function, the critical strain (Ep )i  when a damage fraction D attains to Dc is expressed by Eq. (3) as a function of 
stress triaxiality, which includes the material parameters a1 and a2. 
(Ep )i = Aexp B
Σ m
Σ const.
§
©
¨
·
¹
¸ , where 
A = 2
a1a2
ln (1− D0 )Dc
(1− Dc )D0
B = −a2
­
®
°
°¯
 (3) 
The advantage of this damage model is that the stress triaxiality dependent ductility, which is obtained by 
experiments and FE-analysis of circumferentially notched round-bar tensile specimens, can directly identify the 
material parameters a1 and a2; the (Ep )i  is generally set to be 90% of ductile cracking strain (εp )cr  for the steels 
which exhibits mico-voids nucleation controlled ductile failure behaviors. 
2.2. Modification of the damage model 
In order to simulate a flat to a slant fracture accompanied by equi-axied dimples and elongated shallow dimples, 
the damage model that was proposed by authors and described in the preceding sub-section might be modified. 
It has been reported and well-understood that a shear mode fracture strain, that was obtained by tension-torsion 
test, usually exhibited the lower value than an equi-axed dimple mode fracture strain obtained by axisymmetric 
tension test even under the same stress triaxiality condition.  Then, it is suggested that a second measure of the stress 
state may be required to discriminate between the shear-dominated and the axisymmetric-dominated fracture in 
order to quantify the transition between the two ductile fracture mechanisms. 
The Lode parameter ȝ as expressed in Eq. (4) (expressed in terms of the principal stress components) is one of 
the measures for describing stress state, which is related to the third invariant of deviatoric stress, 
μ = 2σ 2 −σ1 −σ 3
σ1 −σ 3
  (4) 
where ı1, ı2 andǂı3 are the principal stresses with ı1  ı2 ǂı3.  The ȝ ranges from  –1 to 1.  The ȝǂdiscriminates 
the shear-dominated states, and utilizing the ȝ in addition to the stress triaxiality σ m /σ  (hydrostatic stress σ m
divided by equivalent stress σ ) enables to describe all stress directions. 
Several kinds of damage evolution models have been proposed to predict the ductile fracture under various 
loading conditions taking account of the effect of Lode parameter as well as stress triaxiality.  Nahshon and 
Hutchinson (2008) and Xue (2008) have modified the void growth based damage model (GTN model) by 
considering the void shearing effect on damage evolution depending on the Lode parameter.  Nahshon and 
Hutchinson (2008) introduced additional contribution to the evolution of void growth due to shear stress.  A similar 
modification was proposed by Xue (2008), where the void volume fraction was replaced by the damage variable 
including both damages from void growth due to triaxial stress and from void shearing due to shear stress.  The 
other method, which has been proposed by Xue and Wierzbicki (2008, 2009), has incorporated the pressure 
sensitivity and the Lode angle dependence of ductile fracture directly through a fracture strain envelope into a 
continuum damage model.  Recently, Morgeneyer and Besson (2011) have also proposed the method for simulating 
shear-dominated fracture within the same framework as the GTN model, where nucleation rate of a second 
population of small voids as a function of Lode parameter of the plastic strain rate tensor has been added.  However, 
each of these methods seemed to include further subjects to be solved; the method for identifying the damage 
parameters that correlate to the material properties, and reproducibility with high accuracy of ductile crack growth 
resistance together with the fracture process of flat-to-slant fracture transition. 
In reference to these approaches, we proposed a different method to incorporate the effect of the Lode parameter 
on ductile fracture into the present damage model proposed by authors (described in the preceding sub-section).  
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Figure 1 presents a conceptual illustration of the modified damage model (Ohata, et al. (2013).  According to the 
current damage model, the critical damage fraction Dc for starting the acceleration of damage evolution is constant 
independent of the stress triaxiality σ m /σ , so only the critical strain for it is decreased with increasing σ m /σ .   
The shear-dominated stress state was assumed to advance the acceleration of damage evolution due to shear 
localization mechanism (shear band formation) at lower damage level D even at the same stress triaxiality condition, 
so that the critical damage fraction Dc ( μ )  as well as K (μ )  dependent on the Lode parameter was 
phenomenologically employed in this model.  Consequently, the critical strain (Ep )i  when a damage fraction D 
reaches Dc expressed by Eq. (3) can be modified as Eq. (5), where the Aμ  can be a Lode parameter dependent 
material parameter.  Figure 2 illustrates the (Ep )i  that depends on absolute value of the Lode parameter μ  as a 
function of the stress triaxiality σ m /σ  assumed in the modified damage model.  The lower the μ  is, the lower the 
critical strain (Ep )i  is; μ =1 provides the upper bound of the (Ep )i  , μ =0 the lower bound.  The other property to 
be employed is the Lode parameter dependence of the parameter Aμ .  In this study, an exponential function 
expressed in Eq. (6) was proposed, where k is material constant that controls the dependence.  This Load parameter 
dependence of a critical strain is phenomenologically consistent with the experimental results that show a lower 
critical strain under shear-dominated stress state (Miyata et al. (1988), Barsoum et al. (2007); Bai and Wierzbicki 
(2008)). 
(Ep )i = Aμ exp B
Σm
Σ const.
§
©
¨
·
¹
¸ , where 
Aμ =
2
a1a2
ln (1− D0 )Dc ( μ )
(1− Dc( μ ))D0
B = −a2
­
®
°
°¯
  (5) 
Aμ = Aμ =1 − (Aμ =1 − Aμ =0 ) 1− μ( )k    (6) 
 
Fig. 1  Schematic illustration of the concept of the modified damage model. 
 
Fig. 2  Lode parameter dependence on ductile fracture adopted in 
the modified damage model; Effect of μ  on (Ep )i  as a function 
of σ m /σ . 
3. Simulation of Ductile Crack Growth Behaviors 
Tensile tests for round-bar specimens with circumferential notches were conducted for measuring a stress 
triaxiality dependent ductility under the condition of the Lode parameter =1.  On the other hand, a critical local 
strain for ductile crack initiation from notch root with shear-slip mode was also measured using full-size V-
notched Charpy specimens.  From these results shown in Fig. 3, which can correspond to the upper bound of the 
stress triaxiality dependent  at =1 and the lower bound at =0, the damage parameters were determined 
by means of Eqs. (5) and (6); the  was set to be 90% of the ductile cracking strain . 
 
μ
(εp
tip )cr
(Ep )i μ μ
(Ep )i (εp )cr
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Fig. 5  Stress state around current ductile crack at mid-thickness and lateral surfaces of the Sub-CVN specimen at displacement level (IV). 
4. Conclusions 
A numerical ductile damage model for predicting the large ductile crack growth resistance was proposed taking 
into account the effect of the Lode parameter on ductile fracture into the present damage model proposed by authors.  
The crucial consideration is that the damage parameters to be identified can be correlated to the material properties.  
In this model, the shear-dominated stress state was assumed to advance the acceleration of damage evolution due to 
a shear localization mechanism at lower damage level even at the same stress triaxiality condition, so that the critical 
damage fraction dependent on the Lode parameter was phenomenologically employed in this model.  The modified 
damage model reproduced the same ductile crack profile together with the same micro-mechanisms for forming the 
chevron-shaped flat surface as those observed in the experiment.  And the possibility to reproduce the flat-to-slant 
fracture transition was also demonstrated by the simulation.   
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